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Development of the Cylindrical 
Wire Electrical Discharge 
Machining Process, Part 1: 
Concept, Design, and Material 
Removal Rate 

Results of applying the wire Electrical Discharge Machining (EDM) process to generate 
precise cylindrical forms on hard, difficult-to~machine materials are presented. The de- 
sign of a precise, flexible, and corrosion- resistant underwater rotary spindle is first intro- 
duced. A detailed spindle error analysis identifies the major sources of error at different 
frequency spectrum. The spindle has been added to a conventional two-axis wire EDM 
machine to enable the generation of free -form cylindrical geometries. The mathematical 
model for material removal rate of the free-form cylindrical wire EDM process is derived. 
Experiments were conducted to explore the maximum material removal rate for cylindri- 
cal and 2D wire EDM of carbide and brass work-materials. Compared to the conven- 
tional 2D wire EDM of the same work-material, higher maximum material removal rates 
may be achieved in the cylindrical wire EDM, possibly due to better debris flushing 
condition. [DOI: 10.1115/1.1475321] 



1 Introduction 

Electrical Discharge Machining (EDM) is a thermoelectric pro- 
cess that erodes workpiece material by a series of discrete electri- 
cal sparks between the workpiece and an electrode flushed by or 
immersed in a dielectric fluid. Unlike traditional cutting and 
grinding processes, which rely on the force generated by a harder 
tool or abrasive material to remove the softer work-material, the 
EDM process utilizes electrical sparks or thermal energy to erode 
the unwanted material and generate the desired shape. The hard- 
ness and strength of the difficult-to-machine work- materials are 
no longer the dominating factors that affect the tool wear and 
hinder the machining process. This makes the EDM process par- 
ticularly suitable for machining hard, difficult-to-machine materi- 
als. The EDM process has the ability to machine precise, complex, 
and irregular shapes with a CNC control system. In addition, the 
cutting force in the EDM process is small, which makes it ideal 
for fabricating parts with miniature features. 

The concept of cylindrical wire EDM is illustrated in Fig. I. A 
rotary axis is added to a conventional two-axis wire EDM ma- 
chine to enable the generation of a cylindrical form. The initial 
shape of the part needs not to be cylindrical in shape. The electri- 
cally charged wire is controlled by the X and Y slides to remove 
the work-material and generate the desired cylindrical form. An 
example of the diesel fuel system injector plunger machined using 
the cylindrical wire EDM method is shown in Fig. 2. 

The idea of using wire EDM to machine cylindrical pans has 
been reported by Dr. Masuzawa's research group at University of 
Tokyo [1-8]. These research activities were aimed to manufac- 
ture small-diameter pins and shafts. A wire guide was used to 
reduce the wire deflection during EDM of small-diameter shafts. 
Cylindrical pins as small as 5 ^im in diameter can be machined 
[8]. The small-diameter pins can be used as tools for 3D micro- 
EDM applications [9,10]. 

In this study, instead of machining small -diameter pins, the fo- 
cus is on exploring high material removal rates in the cylindrical 
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wire EDM process. The material removal rate data was not re- 
ported in Masuzawa's research [1-8]. In this study, two configu- 
rations to find the maximum material removal rate for cylindrical 
wire EDM were explored. One of the difficult-to-machine metal 
matrix ceramic composites, tungsten carbide in cobalt matrix, was 
used in this study. The mathematical model for material removal 
rate was derived to help understand and improve the cylindrical 
wire EDM process. 

The spindle design and spindle error analysis methods are first 
presented in this paper. The model of material removal rate in 
free-form cylindrical wire EDM is then derived. Finally, the ex- 
perimental results of the maximum material removal rates in the 
cylindrical wire EDM process are analyzed and compared to that 
of 2D wire EDM. 

2 Spindle Design 

The rotating workpiece is driven by a spindle, which is sub- 
merged in a tank of deionized water. Two jets of high-pressure 
water are used to flush the workpiece to improve the material 
removal rate and maintain a uniform thermo-environment. A pre- 
cision underwater spindle is the key subsystem of the experiment. 
This spindle must meet the following design criteria: 

1. Accuracy: The spindle error needs to be small to machine 
accurate parts and maintain the consistent gap condition. 

2. Flexibility: The spindle has to accommodate different sizes 
of workpiece. 

3. High Current Electrical Connection: Wire EDM requires 
high-current, high-voltage electrical connections between 
the rotating workpiece and the ground. A back-wired carbon 
electrical brush is required for the electrical connection to 
the rotating workpiece. 

4. Corrosion Resistance: Because the spindle is underwater, 
components of the spindle need to be corrosion resistant in 
water. 

The picture of the underwater spindle used in this study is 
shown in Fig. 3, respectively. A pair of deep groove silicon 
nitride ball bearings with stainless steel rings was used. The gear 
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Fig. 1 The concept of cylindrical wire EDM process 



Diesel injector plunger 




Cylindrical wire EDM part 



Fig. 2 A cylindrical wire EDM part with the same shape as the 
diesel engine injector plunger 




10 different speeds are shown in Fig. 5. Fourier transformation 
was applied to analyze the spindle runout data to identify the 
source of error. Figure 6 shows the amplitude of error vs. fre- 
quency for two spindle rotational speeds at 30 and 60 rpm. Four 
major peaks can be identified. 

(i) / 0 : This is the major peak, which is caused by the off 
center error. The position of this peak always corresponds to the 
spindle rotational speed. 

(ii) /, : This is always equal to five times the rotational speed 
of the spindle, possibly caused by the form error on bearing races. 

(iii) / 3 and / 4 : These two frequencies, 60 and 120 Hz, remain 
unchanged for different motor rotational speeds. The frequency 
peak at 120 Hz is possibly caused by the DC motor. The ampli- 
tude of the frequency at 60 Hz is only significant at certain motor 
rotational speeds, such as 90 and 180 rpm. This is possibly caused 
by resonance at the spindle's natural frequency, which is measured 
as 60 Hz. 




Fig. 3 Side view of the hybrid bearing underwater spindle 
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Fig. 4 Spindle error at 30 rpm rotational speed 
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motor was located above water on the top of the frame. A timing 
belt was used to transmit the rotational motion to the R8 collet 
holder. Precision internal grinding of the angle in the collect 
holder was required to achieve the desired runout specification, 
which is less than 10 /xm on the part 20 mm from the face of the 
collet. 

3 Spindle Error Analysis 

Spindle runout error is an important parameter that can affect 
the maximum material removal rate, roundness, and surface finish 
of cylindrical wire EDM parts. The Donaldson reversal principle 
[11] was applied to measure the spindle error. An electronic indi- 
cator with 0.1 fim resolution was used to measure two runout 
traces on opposite sides of a 6.35 mm diameter silicon-nitride bar. 
The spindle error can be calculated from these two runout traces. 
A sample spindle error trace at 30 rpm is shown in Fig. 4. The 
maximum spindle error is defined as the average peak to valley 
value on the error trace. Results of the maximum spindle error at 
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Fig. 5 Spindle error vs. rotational speed 
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(a) Spindle rotation speed of 30 rpm (b) Spindle rotation speed of 60 rpm 
Fig. 6 FFT Frequency spectrum of the spindle error 
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4 Material Removal Rate Modeling 

The process parameters for modeling the material removal rate 
in cylindrical wire EDM of a free-form shape are illustrated in 
Fig. 7. An XY coordinate system is firsx defined The X-axis co- 
incides with the rotational axis of the workpiece. The positive 
direction of the X-axis is determined by the direction of the wire 
traverse velocity vector, v f . The component of the wire-traverse 
velocity vector on the X-axis is always positive. The Y-axis, in the 
radial direction of the cylindrical workpiece, is perpendicular to 
both the X-axis and the wire. Assume the original workpiece is in 
cylindrical geometry. R is the original radius of the workpiece. r e 
is the radius of the effective circle, C e , which equals the wire 
radius, r w , plus the width of the gap between the wire and the 
workpiece. r is the minimum distance from the effective circle, 
C e , to the rotational axis of the workpiece. v f , the magnitude of 
iy, is equal to the wire feed rate during machining, a is the angle 
from the positive X-axis to v f . The range of a is from -it/2 

to 1T/2. 



Y u 

r, C< 




r\l > V 7 



Workpiece 



Fig. 7 Parameters In the free form cylindrical wire EDM 
process 



Table 1 Machine setup for the cylindrical wire EDM 
experiment 



Wire EDM machine 


Brother HS-S 100 [ 


Wire manufacturer 


Charm i Ilea Technologies. BercoCut 


Wire materia i 


Brass 


Wire diameter (mm) 


0.25 


Workpiece material 


Brass 


Carbide 


Spark cycle (ua) 


20 


28 


On-time (jis) 


14 


14 


(Duty factor, On-time/Spark Cycle) 


(70%) 


(50%) 


Axial direction wire speed (mm/s) 


15 


18 


Wire tension (N) 


14.7 


14.7 


Gap voltage (V) 


45 


35 



The Material Removal Rate (MRR) in cylindrical wire EDM of 
a free-form cylindrical geometry is shown in Eq. (1) with the 
detailed derivation summarized in the Appendix. 



MRR= v f - it 



(R L - r-)cos a+ 2rr e ( 1 - sin a- cos a) 



+ r;\ 2-2 cos a + 



(I) 



5 Experiment on the Maximum Material Removal 
Rate 

Two types of materials, carbide and brass, were used in this 
study. The carbide material is 1 to 2 /im size tungsten carbide in a 
10% cobalt matrix. This material has hardness of 92 Rc, trans- 
verse rupture stress of 3.4 MPa, and specific density of 14.5. The 
brass material is alloy 360 free-machining brass with 61.50% cop- 
per, 35.25% Zinc, and 3.25% lead. Relative to the carbide, brass is 
easy to EDM because of its good electrical conductivity and low 
melting temperature. The machine setup and process parameters 
for the cylindrical wire EDM experiment are listed m Table 1 . 
Two parameters, the part rotational speed, oj, and wire feed rate, 
v f , are varied in this study to investigate their effect on the cy- 
lindrical wire EDM of two different work-materials. Results of the 
maximum material removal rate are discussed below. 

The maximum material removal rate (MRR^) is an important 
indicator of the efficiency and cost-effective of the process. Tests 
are designed to find the MRR^ in both the cylindrical and 2D 
wire EDM. Two test configurations to measure the MRR tTVix in 
cylindrical wire EDM are illustrated in Figs. 8(a) and 8(6). Two 
2D wire EDM tests, as shown in Figs. 8(c) and 8(d), were also 
conducted on the same work-material to evaluate the difference in 

Key parameters of the two configurations to find the MRR^ 
in cylindrical wire EDM are shown in Fig. 9. In Fig. 9(a), a is. set 
to 0 degree and vj is gradually increased to the limiting speed, 
when the short circuit error occurs. This Vf is recorded as Vf AXVM 
and the MRR^ can be calculated using Eq. (1). Another test 
configuration to measure MRR^ in cylindrical wire EDM, as 
shown in Fig. 9(b), has constant a and v f . As the wire cuts into 
the workpiece, the material removal rate is gradually increased. At 
the position when the short circuit error occurs, the material re- 
moval rate is recorded as MRR^ . Two test configurations to find 
MRRmn for 2D wire EDM at different thickness are shown in 
Figs. 8(c) and S(d). The v f was gradually increased to find the 
M^tfma* . Results of MRR^ are summarized in Tables 2 to 4. 

Several observations can be extracted from the data in Tables 
2 to 4. 
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(a) Cylindrical test I (b) Cylindrical test II (c) 2D test I (d) 2D test II 

Fig. 8 Four test configurations to find the maximum material removal rate 




(a) a = 0 and gradually increasing v f 



(b) constant a and v> 



Fig. 9 Key parameters of the two configurations to find the maximum material removal rate 
in cylindrical wire EDM 

Table 2 MRR^ for the cylindrical wire EDM test with <*=0 and gradu- 
ally increasing v f 



Material 


R(mm) 


3.18 


2.54 


r (mm) 


2.54 


1.59 


0.75 


1.59 


0.75 


Brass 


■ V fi max ( mM ' /ni/l ) 


5.72 


2.69 


2.13 


5.33 


3.46 


MRR^ (mm'/min) 


65.2 


64.1 


63.7 


65.7 


64.0 


Carbide 


v fmiu (mm/min) 


1.42 


0.81 


0.66 


1.55 


1.02 1 


MRRmv, (mm'/min) 


16.2 


19.3 


19.7 


19.1 


18.9 



o 

c 

T. * 



Table 3 MRR^ for the cylindrical wire EDM test with constant a and v, 



Material 


V/ (mm/min) j 


a (degree) 




-15 


-30 


-45 


Brass 


1 

3.81 !■ 


r«h (mm) 


2.16 


2.01 


1.65 


\ 


MRR W (mm'/min) 


65.5 


68 J 


69.6 


Carbide 


1.02 


rmi* (mm) 


2.02 


1.95 


1.17 




MRR mtx (mm J /min) 


19.1 


18.7 


20.9 


Table 4 MRR max for the 2D wire EDM test 


Material 


Thickness (mm) 


r t (mm) 


Vf.max (mm/min) 


MRR m „ (mm'/min) 


Brass 


6.35 


0.183 


23.9 


55.5 


3.23 


0.183 




37.8 




44.7 


Carbide 


6.35 


0.163 


4.32 


8.94 


3.23 


0.163 


8.00 


8.42 



1. The brass has much higher material removal rate than the 
carbide. 

2. The MRR max for cylindrical wire EDM in Tables 2 and 3 is 
greater than the 2D wire EDM results in Table 4. The pos- 
sible cause may be better flushing conditions in the cylindri- 
cal wire EDM. In 2D wire EDM, as shown in Fig. 8(c), a 
narrow gap exists and affects the flow of high-pressure water 
jets for flushing. Such situation does not exist in the cylin- 
drical wire EDM. 

3. The MRR max for 2D wire EDM changes slightly with 
thickness. 

4. For carbide, the MRR max may not be as high as that in rough 
grinding. However, this process does provide the advantage 
in flexibility to shape the workpiece. 



5. The results from the two test configurations for cylindrical 
wire EDM at different sizes and angles are close to each 
other. The maximum material removal rate is calculated us- 
ing the material removal rate model under various process 
setup parameters. This has verified the concept and math- 
ematical model for the material removal rate. 

Another important observation in this experiment is: the wire 
breakage is more likely to occur during cutting at a steeper angle 
a in the test configuration shown in Fig. 9(b). 

6 Concluding Remarks 

The feasibility of applying the cylindrical wire EDM process 
for high material removal rate machining of free-from cylindrical 
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Fig. 10 Free form geometry in cylindrical wire EDM 



geometries was demonstrated in this study. The mathematical 
model for the material removal rate of cylindrical wire EDM of 
free-form surfaces was derived. Two experimental configurations 
designed to find the maximum material removal rates in cylindri- 
cal wire EDM were proposed. Results of each test configurations 
match each other. The maximum material removal rate for the 
cylindrical wire EDM was higher than that in 2D wire EDM of the 
same work-material. This indicates that the cylindrical wire EDM 
is an efficient material removal process. 

The spindle was found to be a critical factor in achieving the 
desired roundness, surface finish, and material removal rate. The 
effect of spindle error on part roundness will be discussed in the 
following paper. Other refinements to enhance the spindle accu- 
racy are required to achieve better cylindrical wire EDM results. 
One of the advantages of the cylindrical wire EDM process is its 
ability to machine micro-size shafts. Preliminary results indicated 
that a precision spindle is the key factor in the system for micro- 
machining applications. 
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V { is a ring with outer radius /?, inner radius r + r,, and 
thickness r e . 

V { =ir[R l -(r + r e ) 2 ]r e (A3) 
An enlarged figure of the volume V n is shown in Fig. II. 

V,i=V/ a +V,+ V c (AA) 

where 



(AAa) 



v b= vj[ ~ (r+ r e ) sm a cos a+ \ r e sin a cos 2 a] (AAb) 
v c= wj[(r + r e ){ - a+ sin a cos a) + j r e sin 3 a] (AAc) 
Substituting Eqs. (AAa)-(AAc) into Eq. (AA), 



V„=tt 



rJ(r+r f )(y~aUir, 3 (l-sina) 



(A.5) 



V Ifl is the combination of cylinders, cones and rotated pies, as 
shown in Fig. 12. 



^iii- ^Wh+ ^cdef - ^abcm - ^mcd - ^kged" ^jkgh 



where 



04.6) 

^nbfh = rrR 2 >\r/ tan a (A. 6a) 

Vabcm= 2 ~(r-&r + r e ) 2 ]-r e (A.6b) 



Appendix 

Material Removal Rate Modeling in Cylindrical Wire EDM. 

The mathematical model of Material Removal Rate (MRR) in cy- 
lindrical wire EDM of a free-form shape is presented. This is a 
geometrical model, which does not include the process param- 
eters, such as voltage and current. Figure Al shows the free-form 
cylindrical geometry machined by the cylindrical wire EDM pro- 
cess. The effective circles of the wire at time r-Ar and / are 
represented by C'~ A ' and C' e , respectively. A r is the change of r 
during A;, and can be expressed as: 

Ar=iyAr sin a (AA) 

The volume of the material removed from t- A/ to t is denoted 
as V. As shown in Fig. 10, V is the volume swept by the hatched 
area around the X-axis. V can be divided into three portions, V x , 
V„ , and V m . 




(A2) 



Fig. 11 Calculation of V n 
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Fig. 12 Calculation of V m 



V C def= ^pfc" ^ped= - I 77[(r- Ar + r e ) 3 

-(r- Ar+r f -r^ cos a) 3 ]tan a (A. 6c) 

V KDE G= V TDB- V TKG=-'3 7T [( r -^ r ^ r e^ r e COS a) 3 

- (r + r e - r e cos a) 3 ]/ tan a (A.6rf) 

VjKGH= ^SHJ" V r SGK= — T ^Li 1 "^ r e)^ ~ ( r ~^~ r e~ r e cos a) 3 ]tan 

2 



r](r- Ar+ r e )l y- a I - j r*( 1 - sin a) 



(A.6e) 
{A.6J) 



Substituting the formula of V { , V n , and K m into Eq. (A.2), V can 
be expressed as: 

1 



V=-7T 



3 tan a 
(Ar) 2 +7r 



(Ar) 3 + 7r 



1 1 | i 

r tan a r<? \ tan a sin a 



(/? 2 -r 2 ) — + 2rr e \— — 1 

V ' tor* M Ctn rt/ 



tana 



, 2 2 7T 

+ r 2 2-a+- 

\ sin a tan a 2 



sin a tan a 
Ar (A.7) 



Substituting Eq. (A.l) into Eq. (A.7), 

V 
At 



MRR= Lim— = -77- 



(tf 2 - r 2 )cos a + 2rr e ( 1 - sin a - cos a) 



(A.8) 











sin a 
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